This study examined the effects of dietary supplementation with cod-liver oil on impaired endothelium-dependent relaxations in hypercholesterolemia and in atherosclerosis in porcine coronary arteries. Sixteen male Yorkshire pigs underwent balloon endothelium removal of the left coronary arteries and were fed a 2% high-cholesterol diet for 10 weeks, with or without dietary supplementation of cod-liver oil (30 mllday) (oil-fed and cholesterol-fed groups, respectively). This model allowed the simultaneous examination of the effects of dietary cod-liver oil on vascular reactivity in hypercholesterolemia alone (right coronary artery) and in atherosclerosis (left coronary artery). After 10 weeks of feeding, the dietary treatment with cod-liver oil caused an increase in plasma levels of eicosapentaenoic acid and a decrease in the plasma levels of arachidonic acid, whereas the treatment had no significant effect on the increases in plasma lipid levels induced by the high-cholesterol feeding. Morphometric analysis showed significant inhibition of coronary atherosclerosis by the treatment. Endotheliumdependent responses were examined in vitro in ring preparations and in bioassay experiments. Endothelium-dependent relaxations to bradykinin, serotonin, and adenosine 5'-diphosphate were larger in both right and left coronary arteries from oil-fed than from cholesterol-fed animals. Aggregating platelets from cholesterol-fed and oil-fed pigs induced comparable, larger endothelium-dependent relaxations in rings from oil-fed than from cholesterol-fed pigs. The contractions induced by serotonin or aggregating platelets were significantly inhibited in rings with endothelium from oil-fed pigs, whereas they were comparable in rings without endothelium in both groups. Relaxations to sodium nitroprusside and contractions to potassium chloride or serotonin were comparable in rings without endothelium in both groups. The bioassay experiments revealed that the release of endothelium-derived relaxing factor in response to bradykinin and the relaxations of vascular smooth muscle to the endothelial factor were greater after the fish-oil diet. These results indicate that dietary supplementation of cod-liver oil delays the impairment of endothelium-dependent relaxations in hypercholesterolemia and in atherosclerosis, partly because of an improved release of endothelium-derived relaxing factor and partly because of an improved relaxation of coronary smooth muscle to the factor. (Circulation 1988;78:1421-1430 
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Bioassay
The biological activity of endothelium-derived relaxing factor released from segments (4 cm long) of LCx was bioassayed using a ring of the proximal LAD from which the endothelium had been removed mechanically (bioassay ring).27 Coronary segments taken from cholesterol-and oil-fed pigs were studied in parallel. The segments were perfused at constant flow (2 The bioassay rings were first superfused through the stainless steel cannula with control solution for 60 minutes. During this interval, they were stretched in a stepwise manner to approximately 8 g, the optimal tension of isolated porcine coronary arteries. 1322 Indomethacin (10-5 M) was present in the perfusate throughout the experiment to prevent the synthesis of endogenous prostaglandins. 1322 Relaxations were examined during a contraction evoked by prostaglandin F2a (2x 10-6 M); the contractions of bioassay rings were not statistically different between the two groups (6.3 +0.6 g in the cholesterolfed group and 7.3+±0.8 g in the oil-fed group). Bradykinin was used to cause release ofendotheliumderived relaxing factor because its direct actions on the vascular smooth muscle of the bioassay rings were minimal compared with those of serotonin or ADP, respectively.
Drugs and Platelets
The following drugs were used: ADP, bradykinin, 5-hydroxytryptamine creatinine sulfate (serotonin), indomethacin, potassium chloride, prostaglandin F2a, sodium nitroprusside (all from Sigma Chemical, St. Louis, Missouri), and ketanserin tartrate (Janssen Pharmaceutica, Beerse, Belgium). All drugs were prepared daily with distilled water except for indomethacin, which was dissolved in Na2C03 (10-5 M). The concentrations are expressed as final molar concentration in the bath or superfusion solution. A platelet-rich solution was prepared by centrifugation. 13, 22 Morphology
The hearts were divided into five horizontal blocks and were examined macroscopically for the presence or absence of myocardial infarction. Cholesterol, animals fed the atherogenic diet only; cholesterol and fish oil, animals fed the atherogenic diet and cod-liver oil.
*p<0.05 compared with levels before initiation of diet.
plasma concentration of triglyceride was unaltered in both groups (Table 1) .
Fatty Acid Profiles of Plasma Lipids Among the major fatty acids, the plasma levels of oleic acid significantly increased, and those of docosahexaenoic acid significantly decreased after 10 weeks of feeding; there was no significant difference between the two groups ( Table 2 ). In contrast, the plasma levels of EPA significantly increased and those of arachidonic acid significantly decreased in the oil-fed group, whereas in the cholesterol-fed group, EPA significantly decreased with no change in arachidonic acid ( Table 2 ). The ratio of EPA to arachidonic acid significantly increased in the oilfed group and significantly decreased in the cholesterol-fed group.
Morphology
In 16 pig hearts, no macroscopic lesion of myocardial infarction was noted. In LAD that had been affected by endothelial denudation and hypercholesterolemia, intimal thickening with lipid deposition (atheroma) was noted in all rings of both groups. However, the extent of coronary atherosclerosis, as expressed in intimal cross-sectional area or percent medial involvement, was significantly less in the oil-fed compared with the cholesterol-fed group (Figure 1 ). In contrast, in RCA that was exposed to hypercholesterolemia only, mild intimal lesions were noted, the extent of which was also less in the oil-fed group (Figure 1 ).
Organ Chamber Experiments
Smooth muscle characteristics. There was no statistically significant difference in optimal tension or contractions evoked by prostaglandin F2a (2 x 10-6 M) between the two groups. KCI (5-60 mM) caused comparable, concentration-dependent contractions in rings without endothelium in both groups. Sodium nitroprusside (10`9 to 10 6 M) caused comparable relaxations in rings without endothelium in both groups (Table 3) .
Relaxations. Bradykinin (10`10 to 10`' M), serotonin (l0 'to 3x lo-6 M), and ADP (10`to 10`M) caused endothelium-dependent, concentrationdependent relaxations in both groups; the relaxations to all three vasoactive substances were significantly larger in the oil-fed group in either RCA or LAD compared with those in the cholesterol group ( Figures 2-4 and Table 4 ). When comparing the relaxations between RCA and LAD in each group, those to the three vasoactive substances were significantly impaired in the LAD in the cholesterol-fed group, whereas in the oil-fed group, a significant difference was noted in response to serotonin and ADP but not to bradykinin (Table 4) . In contrast, ADP caused comparable relaxations in rings without endothelium in both groups in either RCA or LAD (Figure 4 ). Aggregating platelets (25,000-75,000 platelets/dl) caused endothelium-dependent relaxations of either RCA or LAD, which were significantly larger in the oil-fed group compared with the cholesterol-fed group, regardless of whether the platelets were taken from the cholesterol-or the oil-fed group ( Figure 5 ).
Contractions. In quiescent rings without endothelium from LAD, serotonin (10`9 to 10`-M) caused comparable, concentration-dependent contractions in both groups ( Figure 6) ; the ED40 value (-log M) and maximal contraction (percent maximal contraction to potassium chloride) were 6.87±0.13 M and 68±+4% in the cholesterol-fed group and 6.73±0.26 M and 66±7% in the oil-fed group, respectively. In rings with endothelium of the cholesterol-fed group, contractions to serotonin were pronounced, and the contractions were greater in rings with than in those without endothelium at higher concentrations of the monoamine ( Figure 6 ). In contrast, the contractions were significantly inhibited in rings with endothelium of the oil-fed group ( Figure 6 ); ED40 value (-log M) and maximal percent contraction were 6.69±0.14 M and 78±5% in the cholesterol-fed group and 6.20±0.30 M and 57±6% in the oil-fed group, respectively (p<0.05).
In quiescent rings without endothelium from LAD, aggregating platelets (75,000 platelets/,ld) caused comparable contractions in both groups, regardless of whether the platelets were taken from a cholesterol-or an oil-fed pig ( Figure 7 ). In quiescent rings with endothelium, platelets caused comparable contractions in the cholesterol-fed group as they did in rings without endothelium, whereas the platelet-induced contractions were significantly inhibited in the oil-fed group, regardless of the source of platelets ( Figure 7 ). Aggregating platelets (75,000 platelets/,l) taken from the cholesterol-and oil-fed pigs released comparable amounts of serotonin into the bath solution (301±39 ng/ml [1.8x 106 M] and 321±49 ng/ml [1.9x10`6 M], respectively, n=6).
Bioassay
Bradykinin caused no relaxations of bioassay rings when infused during direct superfusion (n=6). When the rings were moved to be superfused from the endothelial line (with 2 x 106 M prostaglandin F2a), small but significant relaxations were noted (basal release of endothelium-derived relaxing factor); these relaxations were significantly larger when the bioassay rings were superfused through the donor segment from an oil-fed pig than through the segment from a cholesterol-fed pig (Figure 8 ).
Bradykinin (10`9 to 10`' M) was then infused through donor segments and caused concentrationdependent relaxations of the bioassay rings, which were significantly larger when infused through segments from oil-fed than from cholesterol-fed pigs, regardless of whether the bioassay ring was taken from the cholesterol-or the oil-fed pig ( Figure 8 ). In addition, the relaxations caused by higher concentrations of bradykinin (10`-and 10`7 M) were significantly larger in rings from an oil-fed pig than in rings from a cholesterol-fed pig when perfused through the donor segment from an oil-fed pig (Figure 8 ). All rings were treated with indomethacin (10-5 M). In the experiments of serotonin, rings were treated with ketanserin (10-6 M) to inhibit the direct effect on vascular smooth muscle.
Cholesterol or cholesterol and fish oil, cholesterol-fed pigs without or with dietary treatment with cod-liver oil;
IC50 or IC25, effective concentration causing 50% or 25% inhibition of the contractions to prostaglandin F2 (2x 10-6 M); max relaxation, maximal relaxation in percentage of the response to prostaglandin F2 (2x 10-6 M); responses did not attain the IC25 level in five out of eight cases. *p<0.05 compared with cholesterol-fed group; tp<0.05 compared with right coronary artery in the same dietary group.
Changes in Fatty Acid Levels
These findings regarding plasma lipids and fatty acids are in agreement with the previous study by Weiner et al,29 in which dietary supplementation with cod-liver oil (30 ml/day) in cholesterol-fed pigs had no significant effect on the increases in plasma lipids but increased the EPA levels and decreased the arachidonic acid levels of platelets. Plasma free fatty acids may be the main source of the fatty acids that are esterified and incorporated into membrane phospholipids.30 This would suggest that a change in the plasma free fatty acids would be reflected in the fatty acid composition of the membrane phospholipids.30 Therefore, the pres- significant inhibition of the serotonin-induced endothelium-dependent contractions (which are sensitive to cyclooxygenase blockers7) suggests that the altered balance between vasoconstrictor and vasodilator prostaglandins or their intermediate(s)10,31 may also be involved in the improved relaxations. A decreased intimal thickening or the anti-inflammatory action of fish oil or both32 may also favor the diffusion of endothelium-derived relaxing factor. Finally, the bioassay experiments also suggest that the sensitivity of the vascular smooth muscle to endothelium-derived relaxing factor is improved. A similar tendency was noted also in a previous study on normolipemic pigs treated with dietary unsaturated fatty acids.'4 Because, in both studies, there was no difference between control and oil-fed animals in the relaxations of the vascular smooth muscle to sodium nitroprusside (which induces relaxations through activation of guanylate cyclase as endothelium-derived relaxing factor does33), these findings indicate that there may be some differences in the mechanisms of relaxations between endothelium-derived relaxing factor and sodium nitroprusside. Further mechanisms of the impaired release of endothelium-derived relaxing factor in hypercholesterolemia and in atherosclerosis remain to be examined. Regenerated endothelial cells (4 weeks after endothelium removal) have a reduced ability to release endothelium-derived relaxing factor in response to serotonin.22 In the chronic stage (8 weeks after endothelium removal), the endotheliumdependent relaxations to ADP also are impaired (H. Shimokawa and P.M. Vanhoutte, unpublished observation). Hypercholesterolemia per se injures endothelial cells, resulting in the increased turnover of the cells.34 Therefore, the reduced ability of regenerated endothelial cells to release endotheliumderived relaxing factor could partly explain the endothelial dysfunction in hypercholesterolemia and atherosclerosis, and dietary fish oils may have beneficial effects on endothelial function under these conditions. In the oil-fed group, there was no significant correlation between endothelium-dependent relaxations and variables of intimal thickening, indicating that dietary cod-liver oil improves endothelial function, irrespective of the degree of intimal thickening. Dietary treatment of atherosclerosis in monkeys also restores endothelium-dependent relaxations even if the intimal thickening remains. 35 Low-density lipoproteins administered on a shortterm basis nonspecifically inhibit endotheliumdependent relaxations in the rabbit aorta. 36 Although such an action may explain endothelial dysfunction in hypercholesterolemia or atherosclerosis, the improvement of endothelial function by the diet with fish oil cannot be related to it because the plasma levels of low-density lipoproteins were not decreased by the 
